Abstract microRNAs (miRNAs) are a class of small endogenous RNAs, 19-25 nucleotides in size, which play a role in the regulation of gene expression at transcriptional and post-transcriptional levels. Spermatogenesis is a complex process through which spermatogonial stem cells (SSCs) proliferate and differentiate into mature spermatozoa. A large number of miRNAs are abundantly expressed in spermatogenic cells. Growing evidence supports the essential role of miRNA regulation in normal spermatogenesis and male fertility and cumulative research has shown that this form of regulation contributes to the etiology of testicular germ cell tumors (TGCTs). In this review, we addressed recent advancements of miRNA expression profiles in testis and focused on the regulatory functions of miRNA in the process of SSC renewal, spermatogonial mitosis, spermatocyte meiosis, spermiogenesis, and the occurrence of TGCTs.
Introduction to spermatogenesis
Mammalian spermatogenesis starts from the self-renewal and differentiation of spermatogonial stem cells (SSCs). SSCs can divide into either new stem cells (As) or Apaired (Apr) spermatogonia that are committed to differentiation. Apr spermatogonia produce Aaligned (Aal) spermatogonia mitotically, which then give rise to several generations of spermatogonia, including A1-A4, intermediate, and type B spermatogonia (He et al. 2009 ). Type B spermatogonia divide by mitosis to form preleptotene spermatocytes, which initiate the longlasting meiosis I, in which homologous recombination between sister chromatids occurs before they separate. In meiosis II, spermatocytes undergo a reduction division to split the sister chromosomes into two cells to generate secondary spermatocytes, which divide without replicating their DNA to form haploid round spermatids. The round spermatids commence the differentiation phase (spermiogenesis) to develop into mature spermatozoa (Kotaja 2014) . Throughout spermatogenesis, germ cells maintain cytoplasmic bridges to facilitate synchronized cell division and differentiation (McIver et al. 2012a) . Besides, spermatogenesis is regulated by hypothalamicpituitary-gonadal axis. Gonadotropin-releasing hormone from the hypothalamus regulates the release of folliclestimulating hormone (FSH) and luteinizing hormone (LH) from the anterior pituitary gland. Then FSH and LH stimulate the Leydig cells to release testosterone (Kotaja 2014) .
miRNAs and spermatogenesis
Spermatogenesis is a complex and highly regulated process that supports the daily production of millions of sperm, which takes place within the seminiferous tubules of the testis of the sexually mature male. This developmental process requires the coordination of both somatic and germ cells through the phases of proliferation, meiosis, and differentiation to generate mature spermatozoa that are responsible for delivery of the paternal genome (Grimaldi et al. 2013 , Fok et al. 2014 , Goudarzi et al. 2014 .
Emerging evidence has shown that miRNAs are essential for spermatogenesis and may play an important role during mitotic, meiotic, and post-meiotic stages of spermatogenesis by regulating the expression of the target gene (Tang et al. 2007 , Hayashi et al. 2008 , Bouhallier et al. 2010 . Dicer, an RNAse III endonuclease, is essential for the biogenesis of miRNAs. Several studies have shown that testes were reduced in size and the process of spermatogenesis was disrupted after ablation of Dicer ). In addition, these studies demonstrated that removal of Dicer1 at the early onset of male germ cell development led to infertility, due to multiple cumulative defects in the meiotic and post-meiotic stages (Wu et al. 2012) . Specifically, the progression of spermatocyte meiosis and spermiogenesis was delayed, the number of haploid cells decreased, the number of apoptotic spermatocytes increased, and the low number of mature sperm in epididymides exhibited abnormal morphology and motility. In addition, sperm lacking Dicer1 were rarely able to fertilize WT eggs to generate viable offspring (Maatouk et al. 2008 , Korhonen et al. 2011 .
Expression profile of miRNA in the testis
Over the past several decades, a number of expression profile studies using miRNA microarrays, RT-PCR, or small RNA sequencing have demonstrated that numerous miRNAs are exclusively or preferentially expressed in the testis or germ cells of humans and mice (Barad et al. 2004 , Ro et al. 2007 , Buchold et al. 2010 , Smorag et al. 2012 . A total of 770 known and five novel human miRNAs were detected in normal human testes by Solexa sequencing technology (Yang et al. 2013b) .
The global miRNA expression in cell populations from different stages of spermatogenesis, such as spermatogonia, spermatocytes, and spermatids, was conducted by microarray analysis. The results showed that most miRNAs are preferentially expressed in meiotic germ cells (Ro et al. 2007 , Marcon et al. 2008 . Some studies have demonstrated that miRNA expression patterns differ between immature and mature testes in human. For example, Yan et al. (2007) found 14 up-regulated and five down-regulated miRNAs in immature testes compared with adult testes. Subsequently, the differences in miRNA expression between immature and mature rhesus monkey (Yan et al. 2009 ) and porcine testes (Luo et al. 2010) were found. The expression profile of miRNAs in testes is given in Table 1. miRNA and spermatogonial stem cell renewal Within the testis, the SSCs reside in a unique microenvironment, or 'niche', which includes the surrounding somatic cells. Spermatogenesis originates from SSCs, which have the dual property of continually renewing and undergoing differentiation into a spermatogonial progenitor that expands and further differentiates (Hess et al. 2006 , Ventela et al. 2012 , Dovere et al. 2013 , Silvan et al. 2013 , van den Driesche et al. 2014 , Guo et al. 2014 . In the rodent testis, SSCs are among undifferentiated spermatogonia that include Asingle (As), Apaired (Apr), and Aaligned (Aal) spermatogonia (Dym 1994) . The regulation of the balance between selfrenewal and differentiation of SSCs determines the lifelong supply of spermatozoa by maintaining a population of undifferentiated spermatogonial stem cells and ensuring that adequate numbers of spermatogonia undergo spermatogenesis (van den Driesche et al. 2014) . miRNAs, as critical endogenous regulators in mammalian cells, play important roles in the regulation of the fate of SSCs. A large number of miRNAs, such as the miR17-92 cluster (Tong et al. 2012 ), miR290-295 cluster (McIver et al. 2012a , miR146 (Huszar & Payne 2013) , miR20 , miR21 (Niu et al. 2011) , miR106a , miR221, and miR222 (Yang et al. 2013b) , are highly expressed in THY1-enriched undifferentiated spermatogonia. These miRNAs are largely down-regulated during retinoic acid-induced spermatogonial differentiation both in vitro and in vivo, suggesting that they are potentially involved in the regulation of proliferation and differentiation of SSCs during spermatogenesis (Kotaja 2014) . For example, miR20 and miR106a promote renewal of SSCs at the post-transcriptional level via targeting Stat3 and Ccnd1 . miR135a contributes to SSC maintenance through modulation of Foxo1 activity (Moritoki et al. 2014) , and miR21, which is present in SSCenriched germ cells and is regulated by the transcription factor ETV5, is important in maintaining the SSC population (Niu et al. 2011) . The list of miRNAs implicated in maintenance of pluripotency in germ cells is given in Table 2 .
The role of miRNAs in spermatocyte meiosis and spermiogenesis Spermatocyte meiosis and spermiogenesis are unique cellular processes to germ cells in the male. The meiotic phase (chromosomal replication, recombination, and two consecutive meiotic cell divisions of spermatocytes) and haploid phase (also called spermiogenesis, differentiation of spermatids into spermatozoa) of spermatogenesis are characterized by high transcriptional activity but suppressed translational activity. Post-transcriptional control of gene expression in these phases is a significant feature of mammalian spermatogenesis (Kotaja 2014) . A large number of miRNAs are preferentially expressed in spermatocytes and spermatids and are involved in the regulation of meiotic and post-meiotic gene expression (Kotaja 2014) . Expression of the miR449 cluster is drastically up-regulated upon meiotic initiation during testicular development and in adult spermatogenesis, both of which are regulated by testes-specific transcription factors, CREMt and SOX5, through binding to two highly conserved cis-elements of the Cdc20b/miR449 cluster (Bao et al. 2012) . miR34c is highly expressed in isolated pachytene spermatocytes and round spermatids (Zhang et al. 2012 , Li et al. 2013 , and Tgif2 and Notch2 (important in spermatogenesis) are the direct targets of miR34c (Bouhallier et al. 2010) . Tgfb signaling inhibits the second meiotic division in spermatogenesis (Damestoy et al. 2005) , whereas notch signaling promotes spermatogonia differentiation (Kostereva & Hofmann 2008) . miR449 and miR34b/ miR34c regulate germ cell differentiation and survival by targeting NOTCH1 and DAZL, as well as germ cell apoptosis by targeting BCL2 and ATF1 (Yan et al. 2009 , Luo et al. 2010 , Liang et al. 2012 . miR214 is preferentially expressed in pachytene spermatocytes and plays a key role in meiosis by targeting heat shock proteins (Marcon et al. 2008 , Dai et al. 2011 . miR320, which is expressed in all germ cells, is predicted to target protocadherins that is important in cell adhesion (Marcon et al. 2008 , Dai et al. 2011 . Transition protein 2 (TNP2) and protamine 2 (PRM2) are key chromatin remodelers that facilitate the compaction and condensation of chromatin during spermiogenesis. miR122a reduces the expression of TNP2 to regulate chromatin remodeling during mouse spermatogenesis (Yu et al. 2005 , Yu & Hecht 2008 , Liu et al. 2013b . miR469 represses TNP2 and PRM2 protein expression at the translation level through binding to the coding regions of TNP2 and Prm2 mRNAs and then affects normal sperm production (Dai et al. 2011) . miR355, miR181b, and miR181c are all up-regulated in the adult testis and are involved in transcriptional regulation in haploid germ cells by targeting Rsbn1 , McIver et al. 2012a . miR184 may be involved in the post-transcriptional regulation of mRNAs, such as Ncor2, in mammalian spermatogenesis . One miRNA can target various mRNAs and one mRNA can be targeted by multiple miRNAs (Peter 2010) . Ablation of a single miRNA or miRNA cluster rarely leads to a discernable phenotype in mice under non-stress conditions, in some cases because of compensatory effects by other functionally related miRNAs (Wu et al. 2014a 
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Mir34b/Mir34c and Mir449 double knockout (dKO) mice and demonstrated again that these two miRNAs were functionally redundant. The dKO mice were found with severely disrupted spermatogenesis and sterility. The miRNAs that play a regulatory role in spermatocyte meiosis and spermiogenesis can be found in Table 3 .
Role of miRNA expression in Sertoli cells
Sertoli cells play a central and essential role in coordinating spermatogenesis by structurally and nutritionally supporting germ cells and secreting factors that control the survival and progression of germ cells, without which the production of normal sperm would be hindered , Panneerdoss et al. 2012 . Dicer is absolutely essential for Sertoli cells to mature, survive, and ultimately sustain germ cell development. In fact, ablation of Dicer leads to infertility suggesting that miRNA expression in Sertoli cells is important for supporting germ cell development (Nicholls et al. 2011 . Panneerdoss et al. (2012) had identified miRNAs as one group of testosterone-dependent trans-acting factors in postnatal Sertoli cells that may play a crucial role in androgen-mediated events during spermatogenesis by targeting Sertoli cell/germ cell-specific genes. A large number of miRNAs (e.g., miR471, miR470, miR463, miR465, miR743a/miR743b, miR883, miR880, miR201, and miR547) expressed in Sertoli cells have been demonstrated to play a coordinated role in androgendependent spermatogenic events (Panneerdoss et al. 2012) . In addition, a subset of miRNAs expressed in Sertoli cells, including miR23b, miR30c, miR30d, and miR690, are stimulated upon FSH and androgen suppression, which are critical regulators of target proteins associated with junction restructuring and spermiation (Nicholls et al. 2011 (Tanaka et al. 2013) . Together, the data presented in this review indicate that aberrant miRNA expression is related to human germ cell tumor occurrence. The miRNAs implicated in the development of TGCTs are shown in Table 4 .
Epigenetics of miRNA in spermatogenesis and TGCTs
Epigenetics is the study of heritable changes in gene expression that occur without changes in DNA sequence and is an important mechanism that underlies the ability of environmental chemicals to influence health and disease (Singh & Li 2012) . The association of DNA methylation, histone modification, and miRNA with environmental exposure and heritable phenotypes has been widely established. Cigarette smoke, one of the most prevalent and significant global chemical carcinogens, induces differential miRNA expression in the spermatozoa of smokers compared with non-smokers. These altered miRNAs predominantly mediate pathways Marcon et al. (2008) GC, germ cell; mGSCs, male germline stem-cell; SSCs, spermatogonial stem cells.
R132 L Wang and C Xu vital for healthy sperm and normal embryonic development, particularly in cell death (Marczylo et al. 2012) . Epigenetics can also affect miRNA expression through DNA methylation and histone modifications and can inversely regulate epigenetic inheritance through DNA methylation transferase, thereby maintaining DNA methylation levels and altering histone modifications (Sato et al. 2011 , Liu et al. 2013a , Udali et al. 2013 , Nana-Sinkam & Choi 2014 . For example, expression of miR34b and let-7a-3 is regulated by DNA methylation , Toyota et al. 2008 , and miRNAs with tumor suppressor functions are often silenced by DNA hypermethylation, leading to tumor formation. miR199a expression, which is significantly lower in TGCTs compared with normal testicular germ cells, is controlled by epigenetic changes such as DNA methylation and histone modification; demethylation with 5-aza can restore miR199a expression (Gu et al. 2013) .
Future perspectives
The most current miRNA research has demonstrated the biological significance of these molecules in the regulation of spermatogenesis and TGCTs. There are a large number of miRNAs and their expression during spermatogenesis is phase or cell specific. In other words, some miRNA expression differs from SSCs, and premeiotic, meiotic, post-meiotic, and spermatid cells. The differential expression pattern of these miRNAs demonstrates that they play a regulating role in a specific phase during spermatogenesis. In addition, studies demonstrate that some serum miRNAs could act as biomarkers to detect germ cell tumors. However, future studies concerning the stage-and cell-specific expression of miRNAs during spermatogenesis and the potential roles of miRNA in TGCT occurrence are still required for addressing more thoroughly. The in-depth study of miRNAs in testes would lead to a better understanding of the etiology of male infertility and testicular cancer and would probably result in the design and development of a number of biological agents for the diagnosis and treatment of male infertility and testicular cancer. This would lead to an improved quality of life, ultimately resulting in enormous economic and social benefits.
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